Intact chloroplasts of wheat (Triticum aestivwm) were isolated from mesophyll protoplasts. With decreasing concentrations of bicarbonate from 10 to 0.3 millimolar (pH 8.0), the optimal concentration of orthophosphate (Pi) for photosynthetic 02 evolution decreased from a value of 0.1 to 0.2 milHimolar to 0 to 0.025 millimolar. The extremely low Pi optimum for photosynthesis at the low bicarbonate levels of0.3 millimolar was increased by lowering the 02 concentration from 253 (21% gas phase) to 72 micromolar (6% gas phase). The 
molar (6% gas phase). The relative amount of glycolate and dihydroxyacetone phosphate (DHAP) synthesized under high and low levels of bicarbonate and varying levels of Pi was determined. At low levels of bicarbonate, glycolate was the main product, whereas at high bicarbonate levels, DHAP was the main product. Most of the DHAP and glycolate was found in the extrachloroplastic fraction.
The rate of photosynthesis at low levels of bicarbonate (0.3 millimolar) was as high as 75 to 95% of that at high levels of bicarbonate (10 millimolar) at the respective optimal levels of Pi. At low bicarbonate levels, and without Pi, there was little lag in photosynthetic 02 evolution upon illumination in comparison to that of high bicarbonate levels and optimal levels of Pi. It is proposed that conditions which favor glycolate synthesis allow photosynthesis to continue without a depletion of internal Pi, whereas consumption of Pi may occur in the chioroplast during the net synthesis of organic phosphates under high levels of bicarbonate and without addition of Pi. At low bicarbonate levels, the extreme susceptibility of photosynthesis to inhibition by Pi may be due to excessive export of carbon from the chloroplast in the form of both glycolate and triose phosphate.
Photosynthesis by isolated chloroplasts is dependent on an optimum level of orthophosphate in the medium. The stoichiometric uptake of Pi into and export of DHAP2 from the chloroplasts and metabolism of DHAP to sucrose in the cytoplasm are an established part of photosynthetic carbon assimilation. High levels of exogenous Pi inhibit photosynthesis by causing excessive exchange of triose-P from the chloroplast which limits the accumulation of intermediates for function of the cycle ( 17, 18 The increased sensitivity of photosynthetic 02 evolution to Pi at low bicarbonate concentration was largely eliminated by reducing the 02 level from 253 I.M (21% in gas phase) to 72 jM (equivalent to 6% in gas phase) (Fig. 2) . Maximum rates of photosynthesis under 0.3 mm bicarbonate and 21% 02 were again obtained at low Pi levels (in this experiment at approximately 25 tiM Pi).
At 10 mm bicarbonate, and in the absence of Pi, there was an initial rate of 02 evolution upon illumination which rapidly diminished with time. Addition of 0.1 mM Pi restored 02 evolution to the initial rate (Fig. 3a) . With 10 mm bicarbonate and 0.2 mm Pi there was a substantial lag following illumination, after which the rate of 02 evolution became linear (Fig. 3c) . These photosynthetic responses at high bicarbonate are similar to those previously observed with wheat and spinach chloroplasts (2, 17) . In contrast, at low bicarbonate, photosynthetic 02 evolution was maintained at a near linear rate over the 6-min assay period in the absence of Pi (Fig. 3b) , whereas there was little activity at 0.2 mm Pi (Fig.  3d) .
Synthesis of DHAP and Glycolate with Varying Levels of Pi and Bicarbonate. Under high levels of bicarbonate (10 mM), the net synthesis of DHAP by the wheat chloroplasts tends to parallel the net rate of 02 evolution at varying levels of Pi over the 6-min assay period. There is little synthesis of glycolate under the high bicarbonate concentration (Fig. 4) .
At low levels of bicarbonate (0.3 mM) and low Pi, glycolate was a major product and its synthesis paralleled the rate of photosynthesis at varying Pi concentrations. Under low bicarbonate, the highest rate of photosynthesis and glycolate synthesis occurred in the absence of Pi. At low levels of bicarbonate, the synthesis of DHAP was relatively low at all Pi levels (Fig. 4) .
Distribution of DHAP and Glycolate Between the Chloroplast and Extrachloroplastic Assay Medium. As indicated in Table I dicating export of these metabolites from the chloroplasts. There was little contamination of the chloroplast pellets by the extrachloroplastic fraction as indicated by partitioning of the exogenous sucrose. Since about 30%o of NADP-dependent glyceraldehyde-3-P dehydrogenase appeared in the supernatant fraction, this figure was assumed to represent the degree of chloroplast breakage and the distribution of both metabolites was corrected accordingly. This had little influence on the corrected values since most of the glycolate and DHAP was exported from the chloroplasts.
DISCUSSION
Photosynthesis in C3 plants is closely linked to sucrose synthesis and photorespiratory metabolism, both of which occur outside the chloroplasts. Triose-P, exported from the chloroplasts in exchange for Pi, is metabolized to sucrose in the cytoplasm. Glycolate, synthesized in the chloroplasts, is metabolized to glycerate outside the chloroplasts through the glycolate pathway. Therefore, with isolated chloroplasts, triose-P and glycolate are products of photosynthesis. Low bicarbonate and high 02 favors glycolate synthesis while high bicarbonate and/or low 02 favors synthesis of DHAP (8, 11, 14) (Fig. 4 and Table I ).
In previous studies, a strong dependence of photosynthesis on Pi has been characterized under high levels of bicarbonate where triose-P is the major product. Pi is taken up by the chloroplasts in exchange for triose-P on the phosphate translocator. At low Pi levels, photosynthesis is limited to product formation through starch synthesis. At optimum levels of Pi, there is a balance between triose-P used to regenerate RuBP, triose-P metabolized to starch, and that exported from the chloroplast. The optimal external concentration of Pi for maximum rates of photosynthesis shows a degree of variation among species and chloroplast preparations which may be due in part to variations in internal concentrations of Pi. As Pi levels are increased beyond the optimum level, photosynthesis is inhibited as the potential for export of triose-P from the chloroplast becomes excessive and limits the regenerative phase of the cycle (2, 5, 17, 18) .
The present study confirms that glycolate is a major product of CO2 fixation under low levels of bicarbonate, whereas triose-P is a major product under high levels of bicarbonate with isolated chloroplasts. Under conditions favorable for synthesis of triose-P (10 mm bicarbonate, atmospheric 02 or 0.3 mm bicarbonate, low 02) the Pi optimum with the wheat chloroplast is around 0.1 to 0.2 mm. However, under conditions favorable for synthesis of glycolate (0.3 mm bicarbonate, 21% 02) the Pi optimum for photosynthetic 02 evolution is dramatically reduced (Figs. 1, 2 , and 4). In fact, the optimal level of Pi is very low, 0 to 25 /IM, at 0.3 mm bicarbonate. Under this condition, photosynthetic 02 evolution proceeds without a significant lag and at substantial rates (Figs. 1-4) . Synthesis of glycolate is not Pi-consuming, as is the synthesis of triose-P. As P-glycolate is synthesized through RuBP-oxygenase activity, the Pi will be continually released inside the chloroplasts through P-glycolate phosphatase. With isolated chloroplasts, at least two major routes of carbon utilization are through glycolate synthesis (dependent on the levels of bicarbonate and 02) and export of triose-P on the phosphate translocator (primarily dependent on Pi in the medium). In wheat chloroplasts, the rate of starch synthesis appears to be well below the capacity of CO2 assimilation (2).
In order for the C3 cycle to function effectively, a certain level of metabolites must be maintained in the chloroplast. Excessive removal of carbon from the cycle, either in the form of glycolate through RuBP oxygenase and P-glycolate phosphatase activity or through triose-P export on the phosphate translocator, may limit photosynthesis. Under conditions where rates of glycolate synthesis are increased (e.g. reduced bicarbonate levels as in Fig. l) , the Pi concentration must be decreased and triose-P export limited in order to prevent excessive carbon loss from the C3 cycle.
Under low levels of Pi, photosynthesis continues at a near linear rate under low bicarbonate which is consistent with internal Pi being continually available during glycolate synthesis. Under high levels of bicarbonate and low Pi, photosynthesis ceases after a few minutes of illumination (Fig. 3) .
If In vivo 02 inhibition of photosynthesis is thought to occur through competitive inhibition with C02 through RuBP carboxylase and the photorespiratory loss of C02 through the glycolate pathway. Up to three-fourths of the carbon of the glycolate pathway is proposed to return to the chloroplast in the form of glycerate (15, 16) which would minimize the loss of carbon from the C3 cycle.
With isolated chloroplasts, there is substantial inhibition of photosynthesis by 02 which can be overcome by high bicarbonate levels (4 (Fig. 2) . Conversely, at low levels of Pi, atmospheric levels of 02 showed no inhibitory effects in compar- Assay Under Varying Levels of Pi and NaHCO3 After 90 s of incubation in the dark, the chloroplasts were illuminated for 6 min prior to centrifugation to obtain chloroplasts and the extrachloroplastic fraction. Photosynthetic 02 evolution is expressed as maximum rates obtained during the assay period and the total amount of 02 evolved during the 6-min assay. In separate experiments, following centrifugation the distribution of exogenous sucrose (20 mM) and NADP-glyceraldehyde-3-P dehydrogenase (NADP-G3PDH) was determined to correct the cross contamination of the chloroplast and cytoplasmic fractions (see under "Materials and Methods"). From two replications, the percentage of the sucrose retained in the chloroplast fraction was only 1.15%, whereas the percentage NADP-G3PDH in the supernatant fraction was 30.8%. The corrected values for distribution of glycolate and DHAP were calculated assuming sucrose is in the extrachloroplastic fraction and NADP-G3PDH is a chloroplastic enzyme. Where: C = percentage of metabolite in the chloroplast, E = percentage of metabolite in the extrachloroplastic fraction, P = percentage of metabolite in the pellet, and S = percentage of metabolite in the supernatant, then, C + E = P + S P -(fraction of sucrose in the pellet) (E) P -(0.0 15) (E) (fraction of intact chloroplasts) 
